Chloride diffusion is believed to be an indicator of durability for cement-based materials. The diffusion test consists of sandwiching a sample of material between two compartments, and applying a chloride concentration gradient between the two faces of the material so that the transport is one-dimensional. From the chloride flux measured in steady state, and the Fick's law of diffusion the chloride diffusion coefficient is calculated. This very well known experiment convinced some researchers that the chloride diffusion coefficient is concentration dependant. The objective of this paper is to demonstrate that this assumption is not correct. The experiments were made on a manufactured ceramic of TiO 2 . Such a material was chosen for the absence of interactions between the solid phase and chloride, allowing therefore short term experiments. Through a model based on a multi ionic description of the transfers the importance of the membrane potential in chloride diffusion is emphasized. It is shown that the chloride diffusion coefficient is single-valued for a given material.
INTRODUCTION
Chloride transport is among the most fundamental phenomena determining the practical performance of cementitious materials because chlorides are one of the main agents contributing to the corrosion of reinforcement bars in concrete. Therefore, the durability of the structure depends on the transport properties of concrete, in particular the diffusion coefficient of chloride.
The concentration profile of a species in solution is given by the mass balance equation (Eq. 1).
where c is the species concentration. Fick's laws were developed for salts or molecular species [1] . Assuming a one-dimensional transport, Eq. 1 becomes 
where D is the species diffusion coefficient in the solution.
The difference between two species diffusing with the same boundary and initial conditions is due only to one parameter: the diffusion coefficient, D. Therefore based on the same boundaries and initial conditions, the concentration of a species A at a given abscissa will be higher than the concentration of a species B provided that the diffusion coefficient of A is higher than the B diffusion coefficient.
Consider now that A and B are ionic species. Electrical interactions exist between A and B because both carry electrical charges. In addition to the chemical potential which is the driving force during molecular diffusion, arises an electrical potential which also contributes to the transport of species. Thus Fick's laws of diffusion should not be applied anymore. Another way to see this issue is to think in terms of electroneutrality. Electroneutrality is the principle that states that when two ionic species A and B, which charge numbers are respectively z A and z B , are in solution, their concentration at a given abscissa must obey:
This principle cannot be violated. Combining the latter with Eq. 3, we obtain:
which is false because the diffusion of the species A is not linked to the diffusion coefficient of the species B. One should remember that a priori D A is different from D B [2] .
EXPERIMENTS
A TiO 2 ceramic is chosen as model material. The reason for this choice is that being a manufactured material it allows to control both the pore size (micrometer) and the porosity (24%). The sintered ceramic is cylindrical with a diameter of 11 cm, and a thickness of 15 mm. The apparent density is 3200 kg/m 3 . The TiO 2 samples were placed in classic diffusion cells: the sample of material is located between two compartments each of them being completely filled with a solution. A monodimensional concentration gradient is created between the two faces of the sample. Because the solutions in the two compartments are replaced regularly, the hypothesis of constant boundary conditions is valid. The compartment with the species of interest (chloride) at the highest concentration is called the upstream compartment, while the other one is the [3] . The same solution filled the two compartments. NaCl was added to the upstream compartment. In the first part of the experiments, the NaCl solution was 20 g/l, corresponding to [Cl -] = 12 g/l. Figure 1 shows the cumulated amount of chloride in the downstream compartment as a function of time. Note the quasi immediate linearity of the curve, indicating that steady state was reached. The corresponding chloride diffusion coefficient calculated from the slope of the curve in steady state is 10.9 10 -11 m²/s. This value is the one classically obtained based on Fick's first law of diffusion. According to some authors, the diffusion coefficient is a function of the concentration, D Cl -= D Cl -(c Cl -) [4] . In order to check the validity of this strong assumption, the experiments were repeated using exactly the same concentration gradient as in case 1 combined with a higher range of concentration. Namely the model material was saturated with Table 1 . Note that two samples were tested in parallel in order to check the repeatability of the experiments. Using Fick's first law of diffusion, the diffusion coefficient corresponding to the second experiment was calculated. A value of 9.05 10 -11 m²/s was obtained. The second value is different from the first one though the concentration gradient is the same. Should it be concluded that the chloride diffusion depends on the concentration level?
2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada The chloride diffusion coefficient is calculated from Fick's first law of diffusion which is an approximation because as described in the introduction, Fick's laws of diffusion apply only to molecular species. In the case of ions the flux of species must be written with the NersntPlanck equation [5] .
where ∇ϕ is the electrical field due to the membrane potential created between the ionic species in solution. ∇ϕ is given by the current law:
where j is an external current density, null in natural diffusion.
In steady state the concentration gradients are linear, they are the chloride concentration gradient and the sodium one, in this study. The ratio of two ionic species diffusion coefficients in the pore solution is the same as the one existing in an infinitely diluted solution [6] [7] [8] . In other words, the conservation of the diffusion coefficients ratio is assumed. 
The use of a ceramic such as TiO 2 allows us to calculate directly the electrical field on the face of the material in contact with the downstream compartment. At x = L, the electrical field is ∇ϕ L,1 = -0.5 V/m in case 1, and ∇ϕ L,2 = -0.19 V/m in case 2. The electrical field created by the membrane potential depends on the concentration level. The increase of the concentrations in chloride and sodium in case 2, leads to an increase in the denominator and consequently to a decrease of the electrical field (see Eqs. 7 and 9). We believe that the difference in chloride flux that can be noticed in Figure 1 is not due to a modification in the chloride diffusion coefficient, but simply to the change in the membrane potential. The electrical field has impact: when it decreases, as here because of a higher concentration range, the flux of chloride decreases also.
MODEL
A numerical model e_PM was recently developed in our research group [9, 10] . Initially dedicated to the description of electrokinetic transport through porous media it can be easily applied to diffusion problems by specifying a null external electrical source. The model is based on a second order in time and space finite difference procedure. It solves the system made of the mass conservation equation written for each ionic species in solution, and the electrical field equation. For a 1D saturated material without pressure gradient, the system of equations is [5, 8- binding capacity. For the sake of clarity, the material data, the boundary and initial conditions are gathered in Table 2. 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada The chloride diffusion coefficient is an input data, the ionic concentration profiles at a given time are the outputs of the model together with the amount of chloride reaching the downstream compartment of the modeled diffusion cell as a function of time. The objective of this numerical study is to propose an iterative method in order to determine the effective chloride diffusion coefficient. From results such as the ones plotted in Figure 1 , the diffusion coefficient is calculated from Fick's first law of diffusion. This value is used as input data in the model for the chloride diffusion coefficient. The numerical results are then compared to the experimental amounts of chloride in the downstream compartment. The diffusion coefficient of chloride is then iteratively modified until both numerical and experimental curves coincide. The resulting diffusion coefficient is the effective diffusion coefficient of chloride. The results of the modeling are presented in Figure 2 together with the experimental data. Note the very good agreement between the predictions and the experiments.
From the iterative procedure, a value of 12 10 -11 m²/s was obtained for the effective diffusion coefficient of chloride. It is the proportionality coefficient between the flux of ionic species and the two driving forces creating this flux: the concentration gradient and the electrical field due to the membrane potential. This value is unique, it is a characteristic of both the material and chloride. It is not affected by a change in the boundary and initial conditions. The experimental boundary and initial conditions were very similar to the ones chosen in this work: the porous network was saturated with a solution corresponding to the one described in Ref. [3] , the same solution filled the upstream and downstream compartments of the diffusion cells. NaCl was added to the upstream compartment in concentrations of 28, 141, 282, 564, 846, and 1410 mol/m 3 . The diffusion coefficients of chloride calculated in [11] are plotted in Fig. 3 (white dots) . Note that the concentration gradient between the two faces of the mortar samples is on the axis of abscissa. In spite of a strong discrepancy for the lowest concentration gradients, the chloride diffusion coefficient calculated from the experimental flux and the Fick's first law decreases when the concentration gradient increases. The experiments were modeled with e_PM, and the iterative approach proposed in this work was applied: a single-valued effective chloride diffusion coefficient was sought until the downstream cumulated amount of chloride for given boundary conditions corresponded to the experimental one. This single value was 3.2 10 -12 m²/s. The numerical cumulated amounts of chloride were then used the way they are experimentally. From Fick's first law of diffusion, a 'numerical' Fick's diffusion coefficient 
CONCLUSION
The objective of this work was to discuss the chloride diffusion coefficient through porous systems. First, the study focused on a manufactured TiO 2 ceramic. Through steady state diffusion cell experiments, it was shown that when the Fick's first law of diffusion is used to calculate chloride diffusion coefficient, the resulting diffusion coefficient seems to depend on the concentration level. The analysis of the results with the Nernst-Planck equation demonstrated that the difference in chloride flux is solely due to the impact of the membrane potential. An iterative method based on a numerical model was proposed to determine the actual chloride diffusion coefficient which is single-valued for a given material. Then the approach was applied to experimental data on mortar published in the literature. Again, though the chloride diffusion coefficient calculated from Fick's first law seemed to be concentration dependant, it was shown that the effective diffusion coefficient is constant and single-valued. 
